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Introduction {#sec001}
============

Biosurfactants are mainly produced by a variety of microorganisms. These extracellular amphiphilic compounds exhibited advantages over the synthetic ones, including biodegradability, low toxicity, excellent surface-activity and stability \[[@pone.0148198.ref001], [@pone.0148198.ref002]\]. Their applications in the food, cosmetic and pharmaceutical and environmental industries have been proved in the previous studies.

Mannosylerythritol lipids (MELs) belong to the glycolipid biosurfactants. They contain polar moiety of 4-O-β-D-mannopyranosyl-D-erythritol and the non-polar hydrophobic fatty acid chains \[[@pone.0148198.ref003]\]. Their chemical structures vary with the different fatty acid chains and the acetyl groups, commonly known as MEL-A, MEL-B, MEL-C and MEL-D, respectively \[[@pone.0148198.ref004]\]. MELs have high biodegradability, good stability at various conditions, and excellent emulsifying activity. Especially MEL-A has a low critical aggregate concentration (CMC) of 4.0×10^−6^ M with an excellent surface and interfacial tension-lowering activity \[[@pone.0148198.ref005]\]. As natural sugar-based surfactants, MEL-A can self-assemble into specific sponge, cubic, and lamella phases \[[@pone.0148198.ref006]\]. They also form giant vesicles or nanostructures that are used as models for cellular and molecular process studying \[[@pone.0148198.ref007]\]. These unique features expand its applications in the fields of nanomaterials, bioscience, macromolecular chemistry, cosmetics and medicines.

MELs show interesting biological activities. They can induce cell differentiation and apoptosis in human promyelocytic leukemia cell lines by decreasing the activity of the intracellular phospholipid and Ca^2+^ dependent protein kinase C \[[@pone.0148198.ref008]\], down-regulate the tyrosine kinase activities of K562 cells to induce the cell differentiation \[[@pone.0148198.ref009]\], and inhibit the secretion of inflammatory mediators from mast cells with the inhibition of Ca^2+^ increase and phosphorylation of MAP kinases \[[@pone.0148198.ref010]\]. Accordingly, they also possess antioxidant activity or repair damaged cells toward human skin \[[@pone.0148198.ref011]\]. In consideration of the various beneficial properties of MELs, a continuing effort to explore the potential values of MEL-A was carried out in the current study. *Pseudozyma aphidis* has been reported to be a useful strain for the production of MELs from soybean oil \[[@pone.0148198.ref012]\]. Therefore, MELs were derived from *Pseudozyma aphidis* under optimized conditions obtained from our previous studies, and the structural and surface parameters of the major MEL-A type were identified. Additionally, the effects of them on B16 melanoma cells, including the induction of differentiation and apoptosis, as well as the possible signaling pathway were evaluated deeply.

Materials and Methods {#sec002}
=====================

Biosynthesis of MELs {#sec003}
--------------------

*Pseudozyma aphidis* DSM70725 was purchased from Deutsche Stammsammlung für Mikroorganismen und Zellkulturen, Braunschweig, Germany. This fungus produces no endotoxin. Stock cultures (3.0 g yeast extract, 3.0 g malt extract, 5.0 g peptone, 10.0 g glucose, 15.0 g agar, and 1.0 L distilled water) were grown at 28°C for 4 days. The yeast cells were inoculated to 250 mL culture flasks which contained glucose 40.0 g/L, yeast extract 1.0 g/L, NaNO~3~ 3.0 g/L, MgSO~4~·7H~2~O 0.3 g/L, and KH~2~PO~4~ 0.3 g/L (pH 6.0), and incubated at 28°C on a 180 rpm rotary shaker for 2 days. When finished, 10 mL/L seed culture was transferred to the basal liquid culture medium and then incubated on a 180 rpm rotary shaker at 28°C for 7 days for MEL biosynthesis. This process was carried out in the optimized basal liquid cultures which contained soybean oil 96.8 mL/L, yeast extract 1.5 g/L, peptone 1.0 g/L, NaNO~3~ 1.5 g/L, MgSO~4~·7H~2~O 0.6 g/L, MnSO~4~ 0.1 g/L, CaCl~2~ 0.03 g/L.

Extraction and identification of MELs {#sec004}
-------------------------------------

After the fermentation, 50.0 mL of culture suspension was vigorously mixed with 50.0 mL ethyl acetate and centrifuged for 10 min at 4,000 rpm. The supernatant was extracted and evaporated. This procedure was repeated with the sediment for two times. Next, the transparent and sticky MELs were extracted twice with cyclohexane and methanol to remove the remaining oil and fatty acids. The crude MELs was isolated and purified though silica gel column according to the method of Onghena et al \[[@pone.0148198.ref013]\], followed by analyzing with TLC (Silica gel 60 F, chloroform: methanol: water = 70:15:2, v/v), liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR) analysis.

For LC-MS, Agilent-1200 HPLC system (Agilent Technology, USA) was connected with MS spectrometer (LCD Deca xp max, Thermo Electron Corporation). A 5 μm (250 mm × 4.6 mm) Agilent ZORBAX SB-C18 column was used. Mobile phase consisted of solvent A (distilled water with 0.1% formic acid) and solvent B (acentonitrile). The elution was conducted at a flow rate of 0.2 mL/min in a linear gradient ascending: solvent B started from 50% to 65% within 10 min, then increased to 80% within 40 min, to 90% within 10 min, sustaining for 10 min at last. The ionization parameters were adapted to the flow rate and the mass range (300--2000). A drying temperature of 325°C was applied together with a drying gas (N~2~) at a flow of 10 mL/min, a capillary voltage of 2,500 V, a corona voltage of 4,000 V, and a nebulizer pressure of 35 psi. The injection volume was 10 μL in every test. The GC-MS analysis was performed according to the method of Fan et al \[[@pone.0148198.ref014]\]. For the analysis of NMR, 10.0 mg MEL-A was dissolved in 0.5 mL CDCl~3~ (99.9%). Both ^1^H NMR and ^13^C NMR spectra were recorded at 25°C by a Bruker AVIII 600 M instrument with TMS as an internal standard.

Determination of surface tension and size of MEL-A in the solution {#sec005}
------------------------------------------------------------------

The surface tension and critical micelle concentration (CMC) of the glycolipid was determined pendant-drop method at 20°C, which was performed using Contact Angle Analizer (OCA 20, DATAPHYSI, Germany). The sizes of MEL-A solution at different concentrations were tested though Laser nanometer size analyzer (Malvern, UK).

Cell culture {#sec006}
------------

Mouse B16 melanoma cells and NIH3T3 cells were purchased from Shanghai cell bank of China and maintained in RPMI-1640 (Hyclone) supplemented with 10% fetal bovine serum (Hyclone) and 1% solution of 10^5^ u/L penicillin and 100 mg/L streptomycin, at 37°C in a humidified atmosphere of 5% CO~2~. The B16 cells were passaged once every two days.

Growth inhibition assay {#sec007}
-----------------------

The B16 cell growth inhibition was determined by MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay. B16 cells (10^5^ cells /mL) were placed in 96-well plates for 24 h. Following treatment with 0--25.0 μg/mL of the purified MELs (referred to MEL-A), the proliferation activity of the cells was tested by adding 5.0 mg/mL MTT after 24 h and 48 h of incubation. The absorbance was measured at 570 nm using a Multiskan (Thermo Electron Corp, Asheville, NC). The cell viability was expressed as a percentage of the control culture value which was considered to be 100% viable.

Flow cytometric analysis of apoptotic cells and cell cycles {#sec008}
-----------------------------------------------------------

The B16 cells on logarithmic phase were seeded on six-well plates for 24 h, treated with various concentrations (0--25.0 μg/mL) of MEL-A for 24 h and then were collected and washed twice with PBS without Mg^2+^ and Ca^2+^ ions. For apoptosis analysis, the cells were suspended by binding buffer, labeled with 5 μL Annexin V-FITC and 5 μL PI (Sigma) individually, staining at room temperature for 5 min in the dark, and then were performed using FC 500 MCL flow cytometer in an hour. In terms of cell cycle distribution analysis, the obtained cells were fixed in 70% ethanol overnight and were precipitated using centrifugation at 1000 rpm for 5 min at 4°C, followed by stained with 10.0 μg/mL of PI (Sigma) for 15 min at room temperature in the dark. The prepared cells were determined using FC 500 MCL flow cytometer.

Real-time fluorescence quantitative PCR analysis {#sec009}
------------------------------------------------

Approximately 1×10^7^ B16 cells which were treated with or without 15.0 μg/mL MEL-A for 24 h were lysed in Trizol Reagent (Takara, Japan). Total RNA of the cells was prepared according to the manufacturer's instructions. The RNA integrity was assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). RT-PCR was examined by Nanodrop (Thermo Scientific, USA). First-strand cDNA synthesis was carried out on 2 μg of the total RNA from samples with the PrimeScript\*RT Master Mix according to the manufacturer's instructions (Takara, Japan). RT-PCR was conducted according to the SYBR Green method (Roche FS Universal SYBR Green Master, Switzerland). Forward and reverse primers were designed and the sequences were designed as follows: CHOP-F 'CAGCGACAGAGCCAGAAT', CHOP-R 'CAAGGTGAAAGGCAGGGA'; GRP78-F 'GAAGGAGGATGTGGGCACG', GRP78-R 'CGCATCGCCAATCAGACG'; Bcl-2-F 'AGAGCGTCAACAGGGAGA', Bcl-2-R 'AGCCAGGAGAAATCAAACAG'; Caspase-12-F 'TGGAAGGTAGGCAAGACT', Caspase-12-R 'ATAGTGGGCATCTGGGTC'; Caspase-3-F 'CTAATCTGACGGTCCTCC', Caspase-3-R 'TCGCCAAATCTTGCTAAT'; GAPDH-F 'ACCACAGTCCATGCCATCAC', and GAPDH-R 'TCCACCACCCTGTTGCTGTA'. RT-PCR included preincubation at 95°C for 10 min, followed by 40 cycles at 95°C for 5 s, 60°C for 30 s and 72°C for 30 s, and 72°C for 10 min by one cycle. The relative expression of mRNA was calculated using the 2^−ΔΔCt^ method \[[@pone.0148198.ref015]\].

Western blotting analysis {#sec010}
-------------------------

After treatment with MEL-A for 24 h, approximately 1×10^7^ cells were washed with cold PBS buffer twice, harvested and disrupted in lysis buffer. The cell lysate was centrifuged at 14,000 rpm for 10 min at 4°C, and the protein concentration in the supernatant was determined with the Bradford protein assay kit (Takara, Japan). In short, equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then electrotransferred onto nitrocellulose. The membrane was clogged for 1.5 h with 5% defatted milk in TBST buffer (10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20). The membranes were incubated with corresponding primary antibodies (Cleaved caspase-3, Caspase-3, KG22205; Bcl-2, KGP22169; Caspase-12, CST2202P; CHOP, KGYT0911; GRP78, KG22444; GAPDH, KGAA002; IRE, AI601; ATF6, SC22799), washed three times with TBST, and incubated with secondary antibodies (IgG-HRP, KGAA35) against the corresponding primary antibodies. The signals were visualized utilizing Chemiluminescence Imaging (SYNGENE G: BOXChemiXR5). The signal intensities of proteins were analyzed by the software Gel-Pro32.

Statistical analysis {#sec011}
--------------------

All the treatment effects were analyzed using analysis of variance. Differences were considered to be significant at *P* \< 0.05 throughout the present study. Each point was the average of replicate experiments.

Results {#sec012}
=======

MEL-A was identified as the major type {#sec013}
--------------------------------------

Crude MELs obtained from the liquid were further purified through silica gel column. The eluent fractions with the same *R*~*f*~ value on the TLC plate were collected for the next determinations. The first eluent with *R*~*f*~ value of 0.68 which was shown as MEL-A was detected by means of LC-MS. Derived from **[Fig 1A](#pone.0148198.g001){ref-type="fig"}**, we can see that the ion detected was m/z \[M+NH~4~\]^+^ with a mass-to-charge ratio of 636--720. Several isomers appeared in the closer retention time. Those homologs (shown in **[Table 1](#pone.0148198.t001){ref-type="table"}**) had 2-unit mass differences and possessed different unsaturated bonds in the fatty acid moiety. Additionally, a characteristic pattern of mass spectrum was observed, and the ions corresponding to \[M+NH~4~\]^+^ had a 139 m/z difference from the simultaneously detected ions. According to the previous study \[[@pone.0148198.ref013]\], the ions with low mass was related to the loss of the erythritol moiety. The mass-mass spectrum of one of these compounds was shown in **[Fig 1B](#pone.0148198.g001){ref-type="fig"}**. The loss of the erythritol (-C~4~H~10~O~4~), fatty acids (C10:0, 172) and acetic acid (-HAc) was demonstrated. The structures of other homologs (M1-M9) were summarized in **[Table 1](#pone.0148198.t001){ref-type="table"}**. Fatty acid profiles of MEL-A identified by GC-MS showed that the detected components were with a carbon length of C8 (18.22%), C10 (28.89%), C12 (13.11%), C14 (18.37%), C16 (6.17%), and C18 (7.25%). However, the corresponding MEL-A (**[Table 1](#pone.0148198.t001){ref-type="table"}**) was deduced to possess C8, C10, C12 and C14 with zero, one or two double bonds in terms of the mass results and the structure of MELs (**[Fig 2C](#pone.0148198.g002){ref-type="fig"}**). It was possible that the fatty acids with C16 and C18 was not linked with MEL-A. We can also find that the fatty acids contained in the glycolipids were degraded by C2 units. The partial β-oxidation of fatty acids pathway was probably involved in the fermentation process \[[@pone.0148198.ref016]\]. Compared with MEL-A from the mutagenic strain *Pseudozyma aphidis* ZJUDM34 \[[@pone.0148198.ref014]\], these components which were incorporated much shorter fatty acid chains had a higher solubility. This property is useful for forming the microemulsion systems.

![LC-MS results of MEL-A.\
(a), Mass spectra of different homologs isolated from the cultivation medium optimized by LC-MS. The units of CH~2~ or 2H molecular weight differences which are resulted from the different lengths of fat acid chain and the degree of unsaturation present in these compounds. (b), Loss of the erythritol, fatty acids and acetic acid was shown in the MS^2^ spectra.](pone.0148198.g001){#pone.0148198.g001}

![^1^H NMR spectrum and ^13^C NMR spectrum of MEL-A.\
(a), ^1^H signals at 0\~7.0 ppm and (b), ^13^C signals at 0\~180.0 ppm. (c), Structure of MELs, MEL-A: R~1~ = R~2~ = Ac; MEL-B: R~1~ = Ac, R~2~ = H; MEL-C: R~1~ = H, R~2~ = Ac; MEL-D: R~1~ = R~2~ = H, n = 6--16.](pone.0148198.g002){#pone.0148198.g002}

10.1371/journal.pone.0148198.t001

###### Detected MEL-A homologs with various masses and fatty acids chain combinations.

![](pone.0148198.t001){#pone.0148198.t001g}

  NO.   \[M+Na\]^+^   \[M+NH~4~\]^+^   \[M+NH~4~-C~4~H~10~O~4~\]^+^   Molecular mass   Structure of fatty acids     Relative quantity (%)
  ----- ------------- ---------------- ------------------------------ ---------------- ---------------------------- -----------------------
  M1    642.9         637.9            498.8                          619.9            C8:0-C8:0                    2.15
  M2    666.9         661.9            522.9                          643.9            C8:0-C10:2                   6.43
  M3    669.9         663.9            524.9                          645.9            C8:0-C10:1 or C8:1-C10:0     22.89
  M4    670.9         665.9            526.9                          647.9            C8:0-C10:0                   9.81
  M5    695.0         690.0            550.7                          672.0            C8:0-C12:2                   19.2
  M6    698.9         693.9            550.8                          675.9            C8:0-C12:0                   2.99
  M7    696.7         691.7            552.9                          673.7            C10:0-C10:1                  19.65
  M8    723.0         718.0            579.0                          700.0            C10:1-C12:0 or　C8:0-C14:2   1.56
  M9    725.1         720.1            581.1                          702.1            C8:1-C14:0                   6.12

To further confirm the detailed structural type of MELs produced by this strain, NMR analysis was finally employed. As shown in **[Fig 2A](#pone.0148198.g002){ref-type="fig"}**, the resonances of ^1^H NMR δ 3.6--4.0 m were assigned to H1-H4 of the moiety of erythritol, and δ 4.7 d, δ 5.2 dd, δ 5.0 dd, δ 4.2--4.7 m, δ 3.6--3.7 m, and δ 4.2 m were referred to H1'-H6' of the mannose, respectively. Chemical shifts of δ 1.2--1.4 m (-(CH~2~)n-), δ5.6--5.8 b (-CH = CH-), δ1.4--1.8 b (-OCOCH~2~), δ1.9--2.1 m (-CH~2~-CH = CH-), δ2.4--2.8 b (-OCOCH~2~-R~2~/R~3~) and δ 0.8 b (-CH~3~) were also detected by ^1^H NMR. **[Fig 2B](#pone.0148198.g002){ref-type="fig"}** showed that the key groups defined MEL types were signals at ^13^C NMR δ173.7--174.5 (-CO-) and δ 21.4 b (-COCH~2~CH~3~). Chemical shifts of δ 100.2 d (C-1'), δ 69.5 d (C-2'), δ 71.6 d (C-3'), δ 66.8 d (C-4'), δ 73.3 d (C-5'), δ 63.2 t (C-6'), δ 64.4 t (C-1), δ 72.8 d (C-2), δ 72.0 d (C-3), δ 73.1 t (C-4), δ 23.2--32.7 (-(CH~2~)n-), δ 121.6--136.5 (-CH = CH-), and δ 15.1--16.2 (-CH~3~) were detected corresponding to the groups of MEL structure. In consideration of the above LC-MS and GC-MS data, the type of MELs identified as MEL-A with short and medium fatty acids was confirmed. Generally, a mixture compound was adopted for activity investigations. As a result, we used the purified MEL-A with shorter fatty acid chains (C8-C14) to examine the biological activity of this biosynthetic glycolipid.

Physicochemical properties of MEL-A {#sec014}
-----------------------------------

Characterizing the surface properties of biosurfactants is crucial for of their special applications. One of the most important properties of surfactants is to form micelles in aqueous solution. We thus further investigated the surface-active properties of MEL-A, which showed that the CMC of MEL-A was 15.0 mg/L (about 10^−5^ M), and the corresponding surface tension was 27.69 mN/m (**[Fig 3C](#pone.0148198.g003){ref-type="fig"}**). Moreover, MEL-A exhibited an excellent surface-tension lowering activity by decreasing the lipid surface tension to 31.14 mN/m at this CMC value. The sizes of MEL-A solution at the concentration of 12.0 mg/L were approximately 450±2.05 nm and at 12.0 μg/L were 141±1.22 nm (as shown in **[Fig 3A and 3B](#pone.0148198.g003){ref-type="fig"}**). In general, MEL-A self-assembles into nanostructures and thermodynamically stable vesicles over 1 mM \[[@pone.0148198.ref007]\]. MEL-A can interact with biomolecules of cells when applied to drug delivery or gene transfections. This property may improve its effects on cells.

![The solution state of MEL-A in water.\
(a), mean particle sizes of MEL-A solution at the concentrations of 12.0 mg/L. (b), mean particle sizes of MEL-A solution at the concentrations of 12.0 μg/L. (c), the surface tension of MEL-A changed with various concentrations. The concentration at the curve break records the critical micelle concentration (CMC).](pone.0148198.g003){#pone.0148198.g003}

MEL-A induces growth inhibition of B16 cells {#sec015}
--------------------------------------------

In the preliminary experiments, we have conducted the comparison of the cytostatic effects of MEL-A against three melanoma cell lines, B16-4A5, B16-F0 and B16 cells, and at last the B16 cells was chose for the further testing. As control, the normal NIH3T3 cells were used for cytotoxicity test. The effects of MEL-A solution on the proliferation and viability of B16 cells and NIH3T3 cells were determined by means of MTT assay. In **[Fig 4A](#pone.0148198.g004){ref-type="fig"}**, MEL-A exhibited a strong inhibition against B16 cell growth in a time-dependent and dose-dependent manner. But the viability of NIH3T3 cells was higher than that of B16 cells at the same concentration of MEL-A solution (shown in **[Fig 4B](#pone.0148198.g004){ref-type="fig"}**). The NIH3T3 cell population was decreased probably due to the nutrition starvation over time. **[Fig 4G, 4H, 4M and 4N](#pone.0148198.g004){ref-type="fig"}** showed the morphology of NIH3T3 cells treated with MEL-A. No obvious apoptosis changes were observed. And the cells with irregular shape could result from the cell states. However, obvious morphology variations in B16 cells treated with 12.0 μg/mL MEL-A were found in **[Fig 4C, 4D, 4E and 4F](#pone.0148198.g004){ref-type="fig"}**. In contrast to the fibroblast-like control cells, the cells treated by MEL-A were out of shape with irregular cell membrane and condensed cytoplasm. This is a significant characteristic of cell apoptosis. The melanin was also observed to secret into the cell culture liquid. It could be attributed to the changes of the cell cytomembrane permeability in the presence of this kind of glycolipid biosurfactant.

![The viabilities of B16 cells and NIH3T3 cells in response to MEL-A treatments.\
(a), B16 cells treated with increasing doses of MEL-A had obvious changes. (b), the viability of the normal NIH3T3 cells treated by 15.0 μg/mL MEL-A for 72 h. (c, d, e, f) refers to the photographs of untreated B16 cells, and cells treated with MEL-A for 24 h, 48 h and 72 h. (g, h, m, n) refers to the photographs of untreated NIH3T3 cells and cells treated with MEL-A for 24 h, 48 h, and 72 h, respectively.](pone.0148198.g004){#pone.0148198.g004}

Apoptosis and cell cycle distribution of MEL-A-induced B16 cells {#sec016}
----------------------------------------------------------------

To further confirm and quantify the apoptosis effect of B16 cells triggered by MEL-A, cells treated with MEL-A for 24 h were stained with both Annexin V-FITC and PI, and subsequently analyzed by flow cytometry. **[Fig 5](#pone.0148198.g005){ref-type="fig"}** demonstrated that early apoptotic cells appeared in the Annexin V+/PI-fraction (B4), and late apoptosis or necrotic cells were present in the Annexin V+/PI-fraction (B2). Most MEL-A-induced cells were evident in B2 fraction. In addition, the corresponding quantities of necrosis and apoptosis increased with the increasing MEL-A concentrations. This finding further confirmed that MEL-A induced cells apoptosis was in a dose-dependent manner.

![Effects of MEL-A on apoptosis of B16 cells.\
Cells were treated with different concentrations of MEL-A for 24 h. (a) \~ (f) refer to the cell population changes of B16 treated by 0, 6.0, 9.0, 12.0, 15.0, 25.0 μg/mL MEL-A, respectively. Most MEL-A-induced cells were evident in B2 fraction, and the tendency of the induced cells apoptosis was in a dose-dependent manner. Mean ± SD, n = 3.](pone.0148198.g005){#pone.0148198.g005}

Next, cell cycle distribution as one of apoptotic characteristics was investigated by flow cytometric analysis. As shown in **[Fig 6](#pone.0148198.g006){ref-type="fig"}**, MEL-A induced a remarkable increasing S-phase arrest of B16 cells in contrast to the control. The percentage values of cells exposed to 0--25.0 μg/mL of MEL-A in S phase were as follows: 15.09%, 36.13%, 34.90%, 55.91%, and 53.52%. The increase of cell population at S phase was accompanied by a decrease in the G1/G0 and G2/M phase. Meanwhile, the cell population of Sub-G1 phase was slightly increased with exposure to above 15.0 μg/mL of MEL-A. These results indicated that MEL-A caused cell cycle arrest at the S phase, followed by the cell apoptosis. The present finding was different from the previous study that MEL induced cell cycle arrest at the G1/G0 phase of the cycle \[[@pone.0148198.ref017]\]. The effective dose of MEL-A, the various cell states and homeostasis may contribute to this difference. Consequently, the signaling pathways of the different dose-inducing apoptosis need to be elucidated.

![Effects of MEL-A on cell cycle distributions of B16 cells.\
Cells were treated with different concentrations of MEL-A for 24 h. (a) \~ (e) refer to the cell cycle distributions of B16 cells treated by 0, 9.0, 15.0, 20.0, 25.0 μg/mL MEL-A, respectively. G1/G0, S, G2/M and Sub-G1 indicate the different cell phases. Mean ± SD, n = 3. The results in (f) summarized the relative ratios of each cell cycle, indicating that MEL-A caused cell cycle arrest at the S phase. The cell population of Sub-G1 phase was slightly increased with exposure to above 15.0 μg/mL of MEL-A.](pone.0148198.g006){#pone.0148198.g006}

Endoplasmic reticulum stress pathway was involved in MEL-A-induced cell apoptosis {#sec017}
---------------------------------------------------------------------------------

In this work, we made efforts to explore the mechanism of MEL-A induced melanoma cell apoptosis. To determine the possible targeted pathway of B16 cells apoptosis triggered by MEL-A, the mRNA expressions of Bcl-2, Caspase-12, Caspase-3, CHOP and GRP78 were analyzed by qRT-PCR, and the protein expressions of Caspase-3, CHOP and GRP78 were further measured by western blotting analysis. As shown in **[Fig 7E](#pone.0148198.g007){ref-type="fig"}**, mRNA expressions of Bcl-2, Caspase-3, CHOP and GRP78 increased by 1.47, 2.50, 3.62 and 0.87 times, respectively. Caspase-12 was also proved to be an important signal factor in endoplasmic reticulum stress (ERS) signaling pathway \[[@pone.0148198.ref018]\]. No evidence showed Caspase-12 expressed in the control cells, but its expression was obvious in those MEL-A-treated cells.

![Effects of MEL-A on the protein expression and mRNA expression in B16 cells.\
(A) and (B), protein expression analysis of Caspase-3, cleaved Caspase-3, Caspase-12, Bcl-2, CHOP and GRP78 in the B16 cells treated with 15.0 μg/mL MEL-A for 24 h. The untreated cells were used as control. (C) and (D), fold changes of IRE1 and ATF6 protein expression. (E), mRNA expression analysis of Bcl-2, Caspase-3, CHOP, GRP78 and Caspase-12 in the B16 cells treated with 15.0 μg/mL MEL-A for 24 h. The untreated cells were used as control. Mean ± SD, n = 3.](pone.0148198.g007){#pone.0148198.g007}

We further used immunoblotting to monitor the changes of key factors associated with ERS. Western blotting results presented in [**Fig 7A** and **7B**](#pone.0148198.g007){ref-type="fig"} showed that Caspase-12, cleaved caspased-3, Caspase-3, CHOP, and GRP78 in cells revealed an increasing tendency of protein expressions after the treatment of MEL-A. The relative expression increased by 7.25, 2.78, 5.16, 3.41, and 2.38 times, respectively. In [**Fig 7C** and **7D**](#pone.0148198.g007){ref-type="fig"}, it revealed an upregulation trend of protein IRE1 and ATF6 with fold changes of 1.68 and 4.70 times. However, the expression of protein Bcl-2 decreased by 1.28 times.

Discussion {#sec018}
==========

MEL-A was reported to be the major product from soybean oil by *P*.*aphidis* DSM70725. It represented the diacetylated compound which was acetylated at C-4' and C-6' position in the carbohydrate backbone, mannopyranosyl. The fatty acids were contained as the hydrophobic groups. Because of the different carbon length and unsaturation degree of fatty acids, it is still difficult to isolate each kind of MEL-A homologs \[[@pone.0148198.ref019]\]. And much more costs are needed to obtain the monomer. Thus, in this work, we measured the relative content of each homolog and applied the mixed MEL-A homologs for the activity tests. We predicted that the combined action were higher than that of a single function. To confirm this, the monomer is needed. More strategies, such as developing efficient and cheap product recovery of downstream processing and novel genetically engineered strains, are in progress.

In recent years, the development of the nanotechnology area was accelerated by the new comings of functional structures which are formed though self-assembling properties of amphiphilic molecules \[[@pone.0148198.ref007]\]. As a natural biological amphiphilic molecule, MEL-A can self-assemble into the ordered structures of sponge, coacervates, vesicles at various concentrations by using hydrogen bonding, hydrophobic and van der Waals interactions. It interacted with biomolecules of cells when was applied to drug delivery vehicles and gene transfections. What's more, MEL-A may show binding affinity towards the membrane proteins and phospholipids because of its self-assembling properties. We thus proposed that the interaction of MEL-A with cells might be related to some proteins or phospholipids in the cell membrane.

On the other hand, MEL-A produced from different substrates displayed different interfacial tensions. Its excellent surface/ interfacial tension-lowering activity could contribute to the cell apoptosis induced by MEL-A. Because the permeability of cell membrane was likely to change in exist of surfactants.

For cytotoxicity examinations, three cells of B16-4A5, B16-F0 and B16 cells were used. MEL-A had no cytotoxicity to these three cell types at the test concentrations. All the B16 cells were bigger and have obvious morphology. B16-4A5 and B16-F10 were obtained by selective procedures. In view of the passage stability and cell viabilities of these cells, B16 cells were chosen for further experiments. Normal NIH3T3 cells were determined as control. The data revealed MEL-A had no cytotoxicity to the normal cells. Therefore, we considered that MEL-A was a suitable candidate used for the following experiments.

The pharmacological activity of MELs has been studied a lot in the past decades. The mechanisms are still need to be established. MELs were reported to induce P12 cells apoptosis and differentiation through an ERK-related signal cascade and trigger the differentiation of B16 melanoma cells via a signaling pathway that involves PKCα \[[@pone.0148198.ref020], [@pone.0148198.ref021]\]. Recently, endoplasmic reticulum stress was proved to be a major approach for anti-melanoma therapy. It can result in melanoma cells apoptosis by inducing abnormal protein glycosylation and autophagy \[[@pone.0148198.ref022]\]. As seen in [Fig 4D](#pone.0148198.g004){ref-type="fig"}, cell vacuolization increased after treatment with MEL-A. Combined with the results of the unfolded proteins, autophagy process which is a self-defensive reaction of the cells in response to glycolipids may also be activated. It may be a new mechanism of inducing the programmed B16 cell death other than cell apoptosis. The increasing evidences associated autophagy with an ERS \[[@pone.0148198.ref023], [@pone.0148198.ref024]\]. And the ERS was as well reported to be connected to autophagy by unfolded protein response (UPR) and calcium \[[@pone.0148198.ref025]\]. In MEL-A induced B16 cells, the changes of UPR signalings such as IRE1 and ATF6 were confirmed by western blotting. In the presence of ER stress, such proteins were cleaved from ER membrane on activation of the unfolded protein response. PERK (the PKR-like endoplasmic reticulum kinase), one of the ER transmembrane proteins, was also activated by the ER stress \[[@pone.0148198.ref026]\]. These signaling proteins activated the UPR, and the active UPR could protect cell damage caused by ER stress, but the excessive ER stress could also disable ER, which subsequently resulted in an apoptosis.

The proteins such as C/EBP homologous protein (CHOP), glucose-regulatory protein-78 (GRP78), Bcl-2 and caspases have long been recognized as key factors associated with ERS. The western blotting results revealed that the expression of CHOP increased and that of Bcl-2 had a down-regulation tendency. We then deduced that ERS contributed to the B16 cell apoptosis. As acknowledged, CHOP/GADD153 is the specific factors in ERS pathway, and its over-expression can lead to a down-regulation of Bcl-2 expression which triggers cell cycle arrest cell cycle arrest or cell apoptosis \[[@pone.0148198.ref027], [@pone.0148198.ref028]\]. Namely, Bcl-2 which is responsible for the cell apoptosis and cell death can antagonize apoptosis induced by protein CHOP/GADD153 and stimulation of ERS\[[@pone.0148198.ref029]\]. On the other hand, Bcl-2 was observed to regulate a common cell apoptosis pathway and functioned at various signal sites. The main action site of Bcl-2-related proteins is thought to be the mitochondrion \[[@pone.0148198.ref030], [@pone.0148198.ref031]\]. In fact, the Bcl-2 protein not only exists in mitochondrial membranes but also is present in ER membranes \[[@pone.0148198.ref032]\]. However, the regulatory effects of CHOP/GADD153 on MEL-A induced cell apoptosis need to be confirmed by using specific shRNA against CHOP to validate the deductions with employing a cell model system.

The expression of chaperon in GRP78 and the increase of Ca^2+^ concentration in the cytoplasm can trigger caspase activation, followed by cell apoptosis \[[@pone.0148198.ref033], [@pone.0148198.ref034]\]. In the MEL-A-induced cell apoptosis process, GRP78 proteins were expressed in order to prevent the unfolded and misfolded proteins which were accumulated by the changes of internal cell environment from the ER stress, and thus protect cells from apoptosis. Moreover, GRP78 could particularly trigger the activation of Caspase-12, followed by a continuing activation of caspases \[[@pone.0148198.ref035]\]. We found that the expression of Caspase-12 in B16 cells was greatly increased after treatment by MEL-A. These findings further confirmed the presence of ERS pathway. In addition, we found the expression of Cyto.c increased in the treated cells. It was quite possible that the release of Cyto.c and caspase activations could be resulted from the excessive ER stress \[[@pone.0148198.ref032], [@pone.0148198.ref036]\]. To elucidate this, we further determined the Cyto.c in the cytosolic fraction with Cytochrome c apoptosis assay kit (Biovision). However, the western blotting results revealed that no obvious stripes were increased. In this case, we speculated that the glycolipid did not cause the mitochondrial apoptosis pathway or the ER stress had no effect on the release of Cyto.c into the cytoplasm. Further validations are necessary to confirm this in our future work.

In conclusion, the bio-glycolipid incorporated medium and short fatty acid chains with a length of C8 to C14 and with no, one or two double bonds was identified as new homologs of MELs, MEL-A. Our results confirmed its cytostatic activity of triggering apoptosis of B16 cells in vitro. As the results mentioned above, MEL-A possibly acts on the cells by self-assembling into cytomembranes, interacts with the extracellular protein or phospholipid signal transducers, and induces the accumulation of unfolded proteins which can stimulate the activation of procaspase-12 and inductions of CHOP and GRP78. The simultaneous down-regulation of Bcl-2 expression is likely to trigger ER stress, and then induce cell apoptosis or death. We thus proposed that MEL-A induced the B16 cells apoptosis via the ER stress pathway, combined with the down-regulation of Bcl-2 and the up-regulation of caspase-12, caspase-3, cleaved caspase-3, CHOP and GRP78, as well as the UPR signaling proteins. More studies are still needed to focus on exploring uncharacterized mechanisms, as well as on accumulating more evidences of the relationship between the glycolipids and the cell-membrane receptors. That whether autophagy was active by the glycolipids deserves to be confirmed. It is anticipating that the applications of MEL-A in the fields of functional foods, cosmetics, environment and biotechnology are enlarged.
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